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of the material. The issue of flexible chain length in defining material characteristics has been discussed multiple times for semiconducting and/or supramolecular materials. [22, [24] [25] [26] However, comparatively few works have addressed structureproperty relations of molecular ferroelectrics in a systematic manner. [8, 19, 27] One of the few studies focusing on proper organic ferroelectric materials is by Kishikawa et al., who probed ferroelectric columnar hexagonal liquid crystalline urea with C 4 H 9 to C 16 H 33 long alkyl chains. [28] The observed inverse proportionality between alkyl chain length and remnant polarization value was explained to rely on the geometrical filling alone.
The molecule we use for our studies is the well-known columnar liquid crystal trialkylbenzene-1,3,5-tricarboxamide (BTA). [29, 30] It has a π-stacking benzene core, three hydrogenbonding dipolar amide groups, and peripheral flexible alkyl chains for enhancement of solubility and liquid crystallinity (Figure 1a) . Initially BTA has attracted a lot of interest due to structure-related strong intermolecular interaction and the resultant formation of supramolecular polymers in solution, the ability to create gels as well as rigid nanofibers. [31] [32] [33] [34] The ferroelectric behavior, however, is a relatively new finding. [9, 35] Fitié et al. were first to probe BTA homologues with 18, 10, and 6 carbons-long alkyl chain (BTA-C18, BTA-C10, and BTA-C6). While BTA-C18 and BTA-C10 were successfully functioning as ferroelectrics in a columnar hexagonal liquid crystalline phase (Figure 1b) , BTA-C6, however, showed no ferroelectric switching in liquid crystal cell devices. [36] Gorbunov et al. further studied thin spin-coated BTA-C10 and BTA-C18 films and proved the true ferroelectric nature of the material, [35] which had been predicted in previous theoretical works on BTAs [37] [38] [39] [40] and on dipolar discotic particles in general. [41] [42] [43] [44] This is further discussed in the Supporting Information.
Here, we systematically pursue tuning of the ferroelectric properties of the prototypical molecular ferroelectric BTA. In contrast to the results from ref. [28] , our material shows polarization enhancement with decreasing alkyl chain length, exceeding the geometrical filling factor. Also the activation energy and rate of depolarization, the coercive field and the relevant phase transition temperatures are all found to be almost continuously tunable with peripheral tail length. The concerted effect of these factors leads, for optimal-shortest-chain length, to a record material with performance that is comparable to that of the P(VDF:TrFE).
Five BTA homologues BTA-C6, C8, C10, C12, and C18 ( Figure 1a) have been synthesized using a standard method as described in the Supporting Information and ref. [36] . First, we probe the thermal properties of all BTA compounds using differential scanning calorimetry (DSC). DSC curves ( Figure S1 of the Supporting Information) have two characteristic peaks, representing crystalline-to-liquid crystalline and liquid crystallineto-isotropic phase transitions. [45, 46] Collective switching of amide groups is only possible close to the liquid-crystalline phase. Deep in the low temperature crystalline phase the coercive field becomes unattainably high, possibly above the breakdown limit due to reduced molecular mobility; above the melting temperature the material is paraelectric. [35] Therefore, the phase diagram gives the essential information about the operational temperature window of the devices. The DSC trace peak positions for cooling are summarized in Figure 1c . Additional data points for the BTA-C14 molecule, reported by Shishido et al., are indicated as asterisks in Figure 1c . [47] A clear linear trend with decreasing alkyl chain length from 18 to 10 carbons is visible as broadening of the temperature range over which ferroelectric behavior is to be expected. The change in trend found for the short-tailed BTA-C6 and BTA-C8 may be explained by changes in the alkyl chain conformation due to shortness. [46] However, the effect disappears if the benzene core is changed for a nonconjugated cyclohexane lacking π-π interactions. [45] To examine temperature-related changes in molecular packing we performed temperature scans of wide angle X-ray scattering (WAXS) of powdered BTA samples ( Figure S2 , corresponding to the alkyl chain C n H n + 1 ) and b) Columnar hexagonal packing resulting in a molecular macrodipole and ferroelectric behavior in a prepared device. c) Phase transition temperatures for BTA molecules with different alkyl chain lengths. Red circles represent melting point, which is ≈200 °C irrespective of the alkyl chain length; blue squares are crystal-to-liquid crystal transition temperatures: 38 °C for BTA-C6, 7 °C for BTA-C8, 3 °C for BTA-C10, 14.5 °C for BTA-C12, and 53.5 °C for BTA-C18. Asterisks are data measured by Shishido et al. [47] The shaded liquid crystalline phase is ferroelectric. [35] BTA-C6, C8, C10, and C12 material devices successfully operate at room temperature.
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www.advelectronicmat.de © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim LC-I phase transitions. A characteristic diffraction peak spacing ratio of 1:√3:2 in the reciprocal q-space further discloses the hexagonal packing character of the molecules in the LC phase, which is considered to be a prerequisite for ferroelectric activity. [35, 36] Phase transition temperatures obtained here match the values measured by the DSC ( Figure S1b , Supporting Information).
For potential application purposes it is important that, for the shortest chain lengths, the LC phase that supports ferroelectricity extends down to room temperature and even slightly below. Even though BTA-C6 undergoes the Cr-LC phase transition above room temperature at ≈38 °C, the ferroelectric response is still observed inside the pretransitional "soft" crystalline state. This is most likely due to the short alkyl chains that, differently to the BTA-C18 case, do not form a bulky crystalline structure and do not prevent the amide flipping. To illustrate this effect we perform a temperature scan of polarization hysteresis loops on metal/ferroelectric/metal devices, see Figure S3 (Supporting Information). For details of the device fabrication and measurement procedure we refer to the Supporting Information. The results show excellent stability of the remnant polarization in the whole temperature range from 80 °C down to room temperature ≈20 °C for all materials with the exception of BTA-C18, which enters the crystalline phase ≈50 °C and becomes nonswitchable. The extracted coercive field dependence on temperature ( Figure S3e ,f, Supporting Information) obeys the theory for thermally activated nucleation limited switching by Vopsaroiu et al. [48] More details on this theory can be found in the Supporting Information. There is a change in a slope exactly at the phase transition temperature for BTA-C6 and BTA-C18. However, BTA-C18 experiences a drastic polarization drop and further behaves as a simple dielectric. No change in the slope was observed for BTA-C8, BTA-C10, and BTA-C12 due to absence of phase transitions within the measured temperature range.
As cast from solution, BTA self-arranges into hexagonally packed long columns in-plane to the substrate (clearly seen in AFM images, Figure S8 , Supporting Information). To operate out-of-plane devices we need to break the initial structure and field-align the molecules homeotropically. Varying alignment levels cause remnant polarization variations up to ≈30% among devices. We choose devices with the closest to the ideal homeotropic alignment, i.e., the highest saturated remnant polarization values, for further parameter comparison. P-E curves with the maximum experimentally achieved remnant polarization at different comfortable measurement conditions, as specified in the caption, are given for all materials in Figure 2a . An obvious increasing trend in remnant polarization is seen with shortening the peripheral tails (Figure 2b ): 67 mC m −2 for BTA-C6, 48 mC m −2 for BTA-C8, 45 mC m −2 for BTA-C10, 31 mC m −2 for BTA-C12, and 21 mC m −2 for BTA-C18.
To understand this trend, we calculate the theoretical polarization value P of a perfectly packed hexagonal lattice as a reference, using / P M V = , where M = N∑μ 0 is the total dipole moment from N molecules and V is the device volume. For this, we assume that the dipole moment per molecule μ 0 is constant, i.e., independent of the intercolumnar distance. The calculated values therefore only reflect the geometric filling factor. A value of μ 0 = 12 D ≈ 4 × 10 −29 C m is chosen to fit the polarization of BTA-C18 as a reference point, which is also an upper limit of the theoretical estimates of μ 0 . [37, 49] The molecular packing parameters for calculations are obtained from WAXS measurements ( Figure S3 , Supporting Information), giving an intercolumnar distance of 1.62 nm for BTA-C6, 1.94 nm for BTA-C10, 2.08 nm for BTA-C12, and 2.5 nm for BTA-C18; a relative comparison of these measures is shown in the inset of Figure 2b . The intercolumnar distances for the other homologues have been extrapolated from an expected linear trend. [45] The intermolecular distance within a column, determined by the length of the NH⋯O hydrogen bond, is the same c = 0.34 nm for all materials.
Surprisingly, the experimental remnant polarization versus chain length curve does not match the calculations (solid line), as seen in Figure 2b . For shorter chains the polarization exceeds the calculated numbers significantly and follows a superlinear trend, which shows that additional effects on top of the geometric filling are at play. As ionic input, electrochemical reactions and the effect of different dead layers can be discarded as improbable (see the Supporting Information), we speculate that this nonlinear polarization enhancement is related to a cooperative effect among columnar macrodipoles. The assumption is made based on a similar effect among microdipoles within columns, which has been predicted for BTA stacks using density functional theory (DFT) and molecular dynamics (MD) computations performed by Albuquerque et al. and Kulkarni et al. This implies that the dipole moment per column increases due to enhanced intercolumnar interactions, similar to the enhancement of the molecular dipole upon lengthening of the BTA column. [37] [38] [39] [40] 49] Naturally, the effect is more pronounced in tighter packed systems. Further discussion can be found in the Supporting Information. Theoretical modeling of the underlying processes is ongoing and will be published in a separate paper.
As seen in Figure 4b , the average coercive field obtained from measurements on multiple devices at 70 °C and 5 Hz frequency has a clear increasing trend with shortening of the alkyl chain, too: ≈25, ≈30, ≈32, ≈37, and ≈42 V μm −1 for BTA-C18, C12, C10, C8, and C6, respectively. Minor variation of the value among devices is most likely caused by slight differences in saturation polarization, thickness of the spin-coated film and dead layers. The coercive field values for BTA-C18 and BTA-C10 obtained by Fitié et al. are marked as asterisks and match the current results. As the polarization switching process in BTAs is nucleation-limited, [35] the coercive field value corresponds to the energy barrier for nucleation of the critical size domains (see Equation (S1) of the Supporting Information). [48] Further, following the adapted Landau-Devonshire theory, this energy barrier is directly proportional to the volume of the critical domain and the polarization squared. [48] Naturally, this leads to a higher coercive field for materials with higher remnant polarization values and higher layer order. Later we show that both these characteristics correspond to the molecules with the shorter alkyl chains.
We anticipated that the high remnant polarization and coercive field together with the previously proposed stronger intercolumnar interaction would also correspond to increased depolarization activation energy and improved data retention for shorter-substituted molecules. Therefore, we performed direct electrical polarization relaxation measurements on metal/ferroelectric/metal devices at different temperatures. [50] As an example, the polarization decay for all materials at 70 °C is shown in Figure 3a ; a full data set can be found in Figure S5 (Supporting Information). Indeed, Figure 3a clearly shows enhanced retention with changing the alkyl chain length from 18 to 6 carbon atoms. The polarization decay was fitted with a stretched exponential function ~exp[−(t/τ) β ] with β ≈ 0.5, which is a typical expression to describe decay processes over a (random) energy barrier and is widely used for relaxation analysis in disordered systems that have a distribution of relaxation times. [51, 52] From the temperature dependence of the resulting time constants τ, the depolarization activation energy [36] Lines are guides to the eye. BTA-C10 to be 0.9 and 1.1 eV, respectively. [9] These data are marked as asterisks in Figure 4c for reference. Our results show that this energy barrier continuously increases from ≈1.1 eV for BTA-C18 to ≈1.55 eV for BTA-C6. The extracted W b parameter here may be considered as a barrier for nucleation, although it should be kept in mind that it also reflects a property of a whole device, including electrodes and possible depolarization fields arising from, e.g., "dead" interface layers. [35, 48, 51, 53] However, the observed significant changes in W b for shorter alkyl chain lengths are unlikely to be driven by the difference in the depolarization field only.
As expected, the higher W b for BTA-C6 is well in line with the trends observed for P r and E c as shown in panels (a-c) of Figure 4 . Using the remnant polarization and coercive field values, we can fit the energy barrier W b to the thermally activated nucleation limited switching formalism, Equation (S1) (Supporting Information). [48] Keeping the attempt frequency equal to the amide rotation frequency ν 0 = 15.7 THz, [40] this gives an increasing critical domain size from 10 nm 3 (6 molecules) for BTA-C18 to 39 nm 3 (56 molecules) for BTA-C6. Greater critical domain sizes, i.e., longer column lengths, denote higher order for shorter-substituted homologues, which, as discussed previously and will be shown later, has a positive impact on other characteristics.
An important consequence of the high depolarization activation energy is that it results in a remarkable increase of the polarization retention time, especially at lower temperatures. As shown in Figure 3b , for BTA-C6 the time constant of the polarization decay increases from ≈6 min at 80 °C to 7 × 10 6 s at room temperature, which is more than 80 days. To compare, the same parameter for BTA-C8 is ≈2 × 10 6 s, BTA-C10 ≈5 × 10 5 s, and BTA-C12 ≈2.5 × 10 5 s ( Figure S5 , Supporting Information). BTA-C18 is nonswitchable at room temperature. The retention time at room temperature and at 70 °C is plotted in Figure 4d for all materials and shows an exponential growth with shorter tails, which corresponds to the thermal activation over the growing energy barrier. In fact, BTA-C6 holds a retention record not only among BTAs, but also has one of the highest results reported for organic small molecule ferroelectrics. [8, 14, 54] Another pleasant feature of the BTA devices is the submillisecond polarization switching time ( Figure S12 , Supporting Information, and ref. [35] ). It might be expected that the increasing coercive field, remnant polarization, and depolarization activation energy with decreasing alkyl chain length would be accompanied by an increased switching time. [48] The latter would be undesired from an application perspective. Fortunately, the experimental results summarized in Figure  4e show that the polarization switching time decreases with shorter tail from 0.98 ms for BTA-C18 to 0.2 ms for BTA-C6 at 80 °C. This counterintuitive observation can be rationalized by taking the influence of disorder in the system into account. Previously we elucidated that the polarization switching process in BTAs is nucleation-limited and highly dispersive with a broad log-normal distribution of switching times. [35, 55, 56] The effect of disorder, corresponding to the wider switching time distribution, was more significant for BTA-C18 compared to BTA-C10. [35] The grazing-incidence WAXS (GIWAXS) measurement results for BTA-C10 and BTA-C18 also evinced the disordered nature of the materials, especially those having long alkyl chains. [50] More evidence for increasing order with shorter side chains discloses if we fit the experimental switching time using the Vopsaroiu theory (Equation (S2), Supporting Information) with the experimental values of the energy barrier, remnant polarization, and coercive field, keeping the attempt frequency constant at ν 0 = 15.7 THz. The extracted critical domain size grows from 15 to 60 molecules, comparing BTA-C18 and BTA-C6. On the basis of these results, we attribute the high polarization switching speed of shortersubstituted molecules to a higher packing order. Altogether this is consistent with the proposed effect of the higher coupling among columnar macrodipoles due to shorter spatial separation of formed molecular stacks.
To further demonstrate the application potential of BTA-C6 devices, we measured the electrical fatigue in air at 45 °C and a slow 1 Hz field sweeping rate. After 10 5 cycles the polarization decreased by a factor two as compared to the initial value ( Figure S13 , Supporting Information). Together with the remnant polarization, coercive field, polarization switching time, and data retention being already comparable to the performance of P(VDF:TrFE) thin film devices, [57] [58] [59] [60] [61] this makes BTA-C6 interesting not only from a scientific, but also from an application point of view.
We have shown that the ferroelectric properties of an organic discotic small molecule BTA (benzene-1,3,5-tricarboxamide) can be tuned by changing the length of peripheral alkyl chains. These flexible tails influence molecular packing by determining the intercolumnar distance in a columnar hexagonal liquid crystalline phase. Therefore, the shorter tails not only increase the dipole density, but also result in stronger interaction among columnar macrodipoles. This augments remnant polarization, coercive field, depolarization activation energy, and improves polarization retention. We have observed experimentally that the change of the alkyl chain length from 18 to 6 carbon atoms leads to a remnant polarization boost from 20 mC m −2 for BTA-C18 to almost 70 mC m −2 for BTA-C6, which fails to be explained by simple geometrical filling. Furthermore, the coercive field has almost doubled from ≈25 to ≈40 V μm −1 (T = 70 °C, f = 5 Hz) for BTA-C18 and BTA-C6, respectively. The depolarization activation energy has also increased from ≈1 eV for BTA-C18 to ≈1.55 eV for BTA-C6. As a result, the polarization retention for BTA-C6 has become close to three months (≈80 days) at room temperature, which is incomparably better than several minutes registered for BTA-C18. This achievement is also facilitated by the fact that the temperature range of the ferroelectric phase extends to room temperature and below for shorter-substituted homologues, as compared to >50 °C for BTA-C18.
The excellent tunability of the ferroelectric properties of the prototypical BTA material can potentially be applied to the whole class of discotic columnar liquid crystalline materials. The study results may be taken as an example how systematic molecular engineering can lead us toward high-quality devices: regarding its ferroelectric properties, the BTA-C6 material sits in the same class as the commercially available ferroelectric polymer P(VDF:TrFE) and with the record retention time it can compete with the best reported organic ferroelectric materials to date.
